what is known already: There is evidence to suggest that ART can increase the risk of birth defects and karyotypic abnormalities.
Introduction
Since the birth of the world's first in vitro fertilization (IVF) baby 30 years ago, more than 5 million children have been born worldwide using assisted reproductive technology (ART), and in many developed countries, ART infants represent more than 1% of the birth cohorts (Pinborg et al., 2013) . Clearly, the proportion of ART children is substantial, and the number of ART births has continually risen worldwide. As ART has been increasingly used to overcome infertility, the health of the children conceived through ART has been a concern. Two meta-analyses, published in 2005, addressed the association between ART and birth defects (Hansen et al., 2005; Lie et al., 2005) . One study implied that infants conceived using intracytoplasmic sperm injection (ICSI) or IVF have twice the risk of a major birth defect as infants who were conceived naturally (Hansen et al., 2002) . Several findings have suggested that certain birth defects occur more often among infants conceived using ART, even after the results are adjusted for known confounders. Although the mechanism is not clear, couples considering ART should be informed of all of the potential risks and benefits.
Because gametogenesis and preimplantation embryo development are critical periods during which epigenetic reprogramming occurs, ovarian stimulation, assisted fertilization and other in vitro manipulations involved in ART might result in disruption of DNA or chromatin modifications (Cox et al., 2002; DeBaun et al., 2003; Gicquel et al., 2003; Moll et al., 2003; Min et al., 2004; Caperton et al., 2007) . Studies from Europe, the United States and Australia have reported increases in the incidence of certain imprinting disorders, such as Beckwith Wiedemann syndrome (BWS), Angelman syndrome and retinoblastoma, after ART. More than 90% of BWS children born after ART had imprinting defects compared with the 40-50% of BWS children who were conceived naturally (Manipalviratn et al., 2009) .
Moreover, several research groups have confirmed that ART-derived offspring have an increased risk of karyotypic abnormalities (Aboulghar et al., 2001; Bonduelle et al., 2002) . A higher incidence of de novo Y chromosome microdeletions has also been reported in male children conceived through IVF or ICSI compared with children conceived naturally, indicating that there may be an increased risk of gene mutation in ART offspring (Feng et al., 2008) . However, the evidence of an association between ART and de novo genetic aberrations is controversial. Caperton and colleagues used a transgenic mouse model to examine the effects of ART on the frequency and spectrum of point mutations in mid-gestation mouse fetuses. This study did not find a significant difference in the frequency of de novo point mutations in transferred DNA between the ART-derived and the naturally conceived offspring (Caperton et al., 2007) . In 2008, research performed by Riccaboni's team indicated that the mutation frequency of the cystic fibrosis transmembrane conductance regulator gene (CFTR) in ART offspring was similar to that of the general population (Riccaboni et al., 2008) . However, de novo mutations at any one site typically occur at a frequency of only one in 10 000-1 000 000 genomes (Vogel and Rathenberg, 1975) . It is impractical to use data from common structural genes to evaluate how ART influences gene mutation.
Repetitive sequences constitute 30% of the human genome. To date, nearly 20 severe neuromuscular and neurodegenerative disorders (McMurray, 2010) have been shown to result from the expansion of trinucleotide repeats in the coding or regulatory regions of particular genes. This type of DNA alteration is called a dynamic mutation and is distinguished by unstable trinucleotide repeat expansion or contraction in these genes (Rosales-Reynoso et al., 2009) . Compared with other gene loci, the frequency of dynamic mutation is much higher in these genes because the copy number alteration of the trinucleotide repeats within a certain range will not result in any phenotypic change. Thus, the frequency of dynamic mutation is a relatively sensitive index for analysing DNA instability.
The dynamic mutation of trinucleotide repeats is currently believed to result from germline errors in the pre-meiotic or meiotic cell cycles (Hastings et al., 2009) . Thus, these loci, which mutate frequently and are easy to analyse, can be used as markers of genetic instability throughout meiosis. Single-sperm analyses have revealed high levels of gonadal mosaicism in diseases that are associated with CAG repeats, such as dentatorubral-pallidoluysian atrophy (DRPLA), Huntington's disease (HD) and spinobulbar muscular atrophy (SBMA) (Leeflang et al., 1995; Takiyama et al., 1999; Cram et al; 2000) . Additionally, studies have observed that instability in normal dystrophia myotonica-protein kinase (DMPK) alleles can occur during gametogenesis or early embryogenesis (De Temmerman et al., 2004; Dean et al., 2006) . Fragile X syndrome, another disease caused by the expansion of a trinucleotide repeat, was reported to have many similarities to myotonic dystrophy 1 (DM1) in its mode of transmission, and the model suggested proposes both prezygotic and postzygotic expansion of the repeat (Dean et al., 2006) . It was reported that the frequency of repeat contraction of disease alleles, as well as the expansion and contraction of repeats in normal alleles, is 5% (Cram et al., 2000) .
Dynamic mutation instability in ART offspring
Thus in all, the alteration of gametes and early embryo development associated with ART may affect the frequency of mutation in trinucleotide repeat regions. Therefore, to determine the stability of the dynamic mutation genes in the ART offspring, we screened for seven common dynamic mutation genes in babies conceived through ART with naturally conceived babies serving as a control.
Materials and Methods

Patients
Couples involved in the IVF and ICSI programs were invited to donate blood samples for DNA extraction to assist in on-going studies on the genetic basis of dynamic mutations. In addition, parental consent was obtained for the collection of umbilical cord blood from the offspring at the time of delivery. Ethical approval for this project was granted by the Institutional Review Board of the School of Medicine, Zhejiang University, China. A total of 246 families were recruited in this study, including 147 ART families (75 IVF and 72 ICSI) as the study group and 99 natural conception families as the control group. General paediatric examinations were performed at birth to identify any obvious somatic abnormalities in the children.
Isolation of genomic DNA
Lymphocytes were isolated from blood using lymphocyte separation medium (Hengxin Corp., Shanghai, China), and the genomic DNA was extracted using the Tiangen Blood DNA Kit, according to the manufacturer's protocol (Tiangen Biotech Co., Ltd, Beijing, China). The concentration and purity of the DNA was measured using a ND-1000 V3.5.2 spectrophotometer (NanoDrop Technologies).
Primers for PCR
All the patients were screened for the following seven dynamic mutation genes: ATN1, AR, ATXN1, ATXN3, Huntington, DMPK and FMR-1. Features of the common trinucleotide repeat disorders in humans can be found in Table I . All of the primers (Table II) were synthesized by the Shanghai Sangon Corporation (Shanghai, China).
PCR amplification
DNA was amplified in a 50 ml reaction containing 50 -100 ng genomic DNA, 25 ml 2× GC buffer I or II (Takara, Dalian, China), 8 ml 2.5 mmol/l each dNTP (Takara), 2 ml 5 mmol/l each oligonucleotide primer (Sangon) and 0.5 ml 5 U/ml LA Taq DNA polymerase (Takara). The cycling reaction was performed in a MyGene TM Series Peltier Thermal Cycler (LongGene Scientific Instruments Co., Ltd). The thermocycling conditions consisted of an initial denaturation of 5 min at 948C followed by 30 cycles of denaturation at 948C for 30 s, annealing for 30 s (ATN1, AR, ATXN3, Huntington and DMPK at 648C; ATXN1 at 618C and FMR1 at 538C), extension at 728C for 30 s and a final 10-min extension at 728C.
Agarose gel and non-denaturing polyacrylamide gel electrophoresis
The resulting PCR products were analysed by gel electrophoresis using a 1.5% agarose gel and were stained with ethidium bromide. The gels were 
photographed on a UV light box. PCR products were quantified and diluted to optimal concentrations prior to polyacrylamide gel electrophoresis. A non-denaturing polyacrylamide gel (29 acrylamide : 1 bisacrylamide ratio) was used to separate the bands further, and members of the same pedigree to be assessed were in adjacent lanes on the same gel. This allowed us to evaluate the difference between the parental and offspring alleles down to a one triplet repeat. The gel was then stained with silver nitrate and packaged in glassine to preserve the gel for future analysis. For all of the unstable transmissions, the samples were re-amplified and run a second time to confirm the initial observations and to distinguish between the true changes and the PCR artefacts; this procedure has been previously described (Sullivan et al., 2002; Lévesque et al., 2009) . All genotypes were scored independently by at least two investigators.
Parent and offspring matches
To confirm that the observed instabilities were not due to parent and offspring mismatches, four highly polymorphic microsatellite markers located on different chromosomes were genotyped for both the parents and offspring involved in the unstable transmissions. The vWA (5
and 5 ′ -AGGACCTGTTACTGACGCC-3 ′ ) markers were analysed using the following reaction conditions: 10 mM forward primer (Sangon), 10 mM reverse primer (Sangon), 12.5 ml 2× Taq Mastermix (CWBio, Beijing, China) and 100 ng genomic DNA in a final volume of 25 ml. PCR was carried out with an initial denaturation step at 948C for 5 min, followed by 35 cycles of 948C for 40 s, 558C for 30 s and 728C for 40 s, and a final extension step of 728C for 10 min. The amplified fragments were then analysed using agarose gel and non-denaturing polyacrylamide gel electrophoresis as previously described.
Sequencing analysis of distinct alleles and assay for the number of mutational triplet repeats
After the initial analysis using non-denaturing polyacrylamide gel electrophoresis, we chose to sequence the gene fragments of those families with an intergenerational difference, and these sequences were analysed with the Mutation Surveyor V3.0 software. Intergenerational instability was measured as any change in the trinucleotide repeat length during transmission from parent to offspring. The mutation frequency was estimated using the conservative assumption that each variant allele resulted from a single expansion or contraction event. In the offspring where the affected allele was not able to be definitively traced, the minimal number of changes was estimated by assuming that the child carried the number of repeats mostly represented in the parents, as described elsewhere (Novelletto et al., 1994; Lévesque et al., 2009) . The intergenerational changes in the sizes of the respective alleles increased or decreased proportionately by 3 bps, and these changes are represented as alleles +1 or 21, respectively (Sengupta et al., 2006) .
Statistical analysis
The differences in the frequency and copy number in the trinucleotide repeat dynamic mutations between the ART group and the naturally conceived control group were analysed using SPSS version 16.0 (Chicago, IL, USA 
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Results
General description
Two cases of parent-offspring mismatches were identified; one case was in the IVF group and was conceived from donated sperm, and the second case was in the control group. Both of the families were excluded from this study. A total of 291 infants were included: 100 babies conceived through IVF (56 boys and 44 girls), 91 babies conceived through ICSI (48 boys and 43 girls) and 100 naturally conceived babies (50 boys and 50 girls). The mean number of trinucleotide repeats for each gene for each group are included in Table III along with the parents' ages. There was no significant difference in the mean repeat number for each gene or in the age of the parents among the three groups. It has been established that longer repeats have higher mutation rates. Thus, we divided the sizes of the parental repeat for each gene into three almost equal categories (named low, medium and high) according to the normal range (Table IV) . No statistically significant difference was observed between for these three categories between the groups (P . 0.05).
Frequency of trinucleotide repeat dynamic mutations
A total of 2466 transmissions were identified in the ART offspring, and 2.11% (n ¼ 52/2466) of the alleles were unstable upon transmission (Table V) . In the control group, the frequency of dynamic mutation was 0.77% (n ¼ 10/1300). There was a statistically significant difference between the ART group and the control group (P , 0.01), the IVF group and the control group (P , 0.01) and the ICSI group and the control group (P , 0.05). However, no statistically significant difference was found between the IVF group and the ICSI group when comparing the total number of unstable transmissions (P . 0.05). When genes were considered separately, there was no statistical significance among the three groups for the ATN1, AR, ATXN1, Huntington, DMPK and FMR-1 genes. However, there was a statistically significant difference between the IVF group and the ICSI group when comparing the transmission of the ATXN3 loci (P , 0.01). The unstable transmission families are displayed in Figs 1-3 
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Altered trinucleotide repeat copy numbers and parental origin of variation
The rates of contraction and expansion were similar within the different groups. The unstable transmissions were the repeats that changed size; thus, the data included both expansions (n ¼ 27) and contractions (n ¼ 25) in the ART group and expansions (n ¼ 3) and contractions (n ¼ 7) in the control group. To understand the variation, the sizes of the repeat changes were compared. The intergenerational changes of each of the respective alleles increased or decreased proportionately by 3 bps, i.e. allele +1 and 21. The size of the repeat changes in the children conceived through ART showed no statistically significant difference when compared with children conceived naturally (P . 0.05). In addition, no statistically significant difference was revealed between the children conceived through IVF versus those conceived through ICSI (P . 0.05) (Table VI) . Among all of the unstable alleles, the average change in repeat size is expressed as the number of trinucleotide repeats. Of the samples sequenced, the number of detected trinucleotide repeats in the dynamic mutation genes were all within the normal range.
To investigate the parent-of-origin effects in the expansion and contraction of these repeats, we subsequently analysed the number of maternal and paternal instable transmissions. The parental origin of variation showed no statistically significant difference among the three groups (P . 0.05) ( Table VII) . Two of the unstable transmissions in one ICSI family were undetectable because the parents each had the same number of trinucleotide repeats. The clinical presentation of the ART couples and the distribution of unstable alleles in these patients are shown in Table VIII . Unstable transmission appears to occur more frequently in the families who required ART because of female only or both male and female infertility, and this difference was significant in the ICSI group (P , 0.05).
Discussion
The ATN1, AR, ATXN1, ATXN3, Huntington, DMPK and FMR-1 genes are members of a classic dynamic mutation gene group. Four types of trinucleotide repeats, CGG/GCC, CAG/GTC, CTG/GAC or GAA/CTT, exist in the coding or non-coding sequences of these genes. Trinucleotide repeats have the capacity to change copy number during passage along the germline and have been known to mutate frequently (RosalesReynoso et al., 2009) . If the repeat copy number expands past a tolerable number and into the realm of a complete mutation, a dynamic mutation disorder will occur (Nithianantharajah and Hannan, 2007) . However, a normal individual usually has a small amount of these repeats, which remain relatively stable from generation to generation; however, these repeats can also expand and contract with a frequency that is much higher than that of other types of mutation. Therefore, the frequency of dynamic mutation was used to detect the possible effects of ART procedures on gene mutation. Previously, it was reported that there was a direct relationship between the length of the AR polyglutamine tract and the risk of defective spermatogenesis in infertile Chinese men (Tut et al., 1997) . Additionally, the mutation rate was higher in the longer repeat tracts. We divided the size of the parental repeats of each gene into three equal categories (designated low, medium and high) according to the normal range to determine whether the ART parents have a fortuitous larger repeat size. However, there was no statistically significant difference between the groups in the three repeat size categories (P . 0.05). In the present study, we found that the frequency of dynamic mutation in the seven classic dynamic genes was 0.77% in families that conceived naturally, while the frequency in the ART families was 2.11%; when the ART subgroups were examined, the frequency of dynamic mutation was 2.48% in the IVF families and 1.70% in the ICSI families. The incidence of dynamic mutation in the ART-derived infants was significantly higher in all seven dynamic genes compared with the naturally conceived infants. However, there was no statistically significant difference between the frequencies of mutation in the IVF and ICSI infants. The present study was the first to use dynamic mutations in genes as a measure of DNA stability in ART offspring compared with a control group. This phenomenon may indicate that the ART procedure, including controlled ovarian hyperstimulation and in vitro culture conditions, might alter the frequency of dynamic mutation in the common dynamic mutation genes. This effect might not have as strong a relationship with ICSI procedure. A review by Voet et al., (2011) demonstrated that the cleavage stage in a human embryo following IVF was prone to chromosomal instability; this instability involved both numerical and structural rearrangements of the chromosomes during the postzygotic cell cycles. In addition, in vitro cell culture could lead to a deregulation of many genes and could possibly affect the embryo's ability to repair damaged DNA, as demonstrated by a reduction in the expression of MSH2 mRNA that results in a decreased mismatch repair capability; an inability to repair DNA damage may affect the embryo's viability (Zheng et al., 2005) . The effect that the genetic background of infertile patients may have in causing these changes should be taken into consideration as well, as these patients may have fundamental problems in DNA repair and fidelity. The very mild instability could simply be a reflection of the core infertility problem. Thus, we divided the infertile couples into several categories. The results showed that genome instability occurred more frequently in the families who required ART due to factors affecting only the female or both parents. DNA repair in the newly fertilized preimplantation embryo is believed to rely entirely on the mRNAs and proteins deposited and stored in the oocyte prior to ovulation (Jaroudi and SenGupta, 2007) . Thus, the oocyte quality is an important determinant in maintaining the genomic integrity of the embryo (Tamburrino et al., 2012) . Infertile women with endometriosis or polycystic ovary syndrome have low oocyte and embryo quality (Agarwal et al., 2012) , which may affect the ability of the cells to repair DNA damage. However, it has also been demonstrated that microsatellite instability and defects in DNA mismatch repair proteins are present in some azoospermic men, predominantly in Sertoli cell-only patients (Maduro et al., 2003) . The frequency of the chromosomal abnormalities increases as sperm count decreases; oligozoospermic males have a 4.6% frequency chromosomal aberrations, whereas azoospermic males can have such abnormalities at a rate of up to 10 -15% (Carvalho et al., 2011) . The frequency of chromosome breakage is significantly higher in embryos conceived from males with poor sperm parameters compared with embryos conceived from males with normal sperm parameters (Xanthopoulou et al., 2012) . Studies have demonstrated that the oocyte and the embryo also retain the ability to repair DNA damage that may be present in the paternal genome (Ménézo et al., 2010) . However, when the sperm fertilizes a low-quality oocyte, this ability would be diminished. Consequently, embryos from certain couples are more prone to genomic instability. Nevertheless, the possible mechanisms underlying the instability of the trinucleotide repeats in the germ cells during the ART procedure are not yet precisely known and warrant further investigation.
The alteration in the number of trinucleotide repeats is another index by which we can examine the stability of the dynamic mutation genes. In germ cells, an intermediate number of repeats, between the normal range and that results in complete mutation, is reported to be unstable in terms of dynamic mutation, despite being clinically silent. These repeats have a tendency to greatly expand in copy number during meiosis, leading to offspring with dynamic mutation disorders (Rosales-Reynoso et al., 2009) . In this study, the altered repeat copy numbers in these dynamic mutation genes were examined. The repeat copy numbers of the examined genes were found to be within the normal ranges in all the parents and offspring. When the ART-derived infants were compared with the babies who were conceived naturally, we did not find any evidence of an overall altered repeat copy number due to ART; the copy numbers neither expanded nor contracted from the parental copy numbers. However, the total altered repeat copy size appeared to be higher in the ART-derived infants compared with the controls.
The gender of the transmitting parent has been shown to be a factor that influences trinucleotide expansion and contraction in humans. For example, in Huntington's disease, new disease mutations arise from small, paternally transmitted expansions (n ¼ 1-4 repeats) in premutation alleles that contain 29 -34 CAG repeats (Goldberg et al., 1993; Chong et al., 1997) . In our study, there was no statistically significant difference in the parental origin of the variation among the three groups (P . 0.05). The paternal : maternal ratio was 3 : 7 for the control group, 1 : 1 for the IVF group and 1 : 2 for the ICSI group. The frequency of unstable transmission from the maternal genome appeared to be slightly higher than the frequency of transmission from the paternal genome in these groups. An unfavourable pelvic microenvironment might have adversely affected the oocyte quality.
The molecular mechanisms underlying the susceptibility of the CAG repeats to expansion and contraction are not known. However, the mechanisms are believed to involve either unequal crossover or single stand slippage of the DNA polymerase during meiotic DNA replication; in quiescent cells, it may involve DNA repair-dependent mechanisms (McMurray, 2010) . Studies on a large number of chromosome X-bearing spermatozoa from men with AR gene CAG repeats sizes within the normal range showed a 4-fold increase in the rate of mutation compared with the chromosome-Y bearing spermatozoa; in this study, the number of contractions was larger than the number of expansions (Zhang et al., 1994) , indicating that contraction was the dominant mutation when the repeat lengths are within the normal range. In our study, the rate of contraction was 70% in the control group, while the rate of expansion was up to 30%. However, in the IVF and ICSI groups, the rates of expansion and contraction were very similar; this phenomenon is worthy of attention and should be investigated further. Small increases in the number of trinucleotide repeats, within the normal size range, upon transmission through the germline may allow for the maximal dissemination of future disease alleles and thereby help maintain the mutation in the population.
In this study, we evaluated the influence of ART on the genomic stability of offspring by examining the frequencies of dynamic mutations in the common dynamic mutation genes. The results indicated that there is a slight increase in dynamic mutation instability in the ART-derived babies, although the mean size and ratio of expansion or contraction were quite similar in all groups. The ART procedures and/or the infertile background of the parents could result in mild genomic instability. Additional studies are urgently needed to determine the factors contributing to this genomic instability.
